Hirschsprung's disease (HSCR), a congenital disease, is characterized by the absence of ganglion cells in the ganglion plexuses of the caudal most gut. In the aganglionic colon, the plexus remnants are replaced by aggregates of glial cells and hypertrophied nerve fibers. Signaling of glial cell line-derived neurotrophic factor (GDNF)-GFRAs-receptor tyrosine kinase (RET) is crucial for the development and maintenance of ganglion cells. Mutations of genes such as GDNF and RET lead to the perturbation of this signaling pathway, which causes HSCR. To understand the role of GFRAs in ganglion cells and the pathogenesis of HSCR, we intended to determine the specific cell lineages in the enteric nervous system that normally express GFRAs but are affected in HSCR. We studied colon biopsy specimens from 13 patients with HSCR (aged 1 day to 38 months) and 6 age-matched patients without HSCR as normal controls. RT-PCR, in situ hybridization, and immunohistochemistry were performed to examine the expression and cellular distributions of GFRAs in resected bowel segments of normal infants and those with HSCR. In normal infants and normoganglionic colon of patients with HSCR, the expression of GFRA1 was restricted to the glial cells and neurones of the ganglion plexuses. GFRAs expression was found to be markedly reduced in the aganglionic colons of 3 infants with HSCR but was unaffected in the aganglionic colons of 10 other infants with HSCR. Residual GFRA expression was restricted to enteric glial cells in the plexus remnants of the aganglionic colons. Hypertrophied nerve fibers were not found to express GFRA1. We provide the first evidence that abnormal expression of GFRAs in the enteric nervous system may be involved in the pathogenesis of HSCR in a subpopulation of patients. (Lab Invest 2002, 82:703-711).
G
lial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs) are distant members of the tumor growth factor-␤ superfamily. They are crucial for the development and survival of neurones in the central, peripheral, and enteric nervous systems (ENS) Takahashi, 2001) . Four GFLs have been identified: GDNF; neurturin (NTRN); artemin; and persephin. The GFLs signal through a multicomponent receptor complex. This complex consists of a glycosylphosphatidylinositol-linked membrane bound coreceptor GFRalpha (GFRA1-GFRA4) and receptor tyrosine kinases (RETs) on the cell membrane. Each GFL has a preferred GFRA coreceptor to which it binds with the highest affinity and to activate RET.
The highest affinity combinations are GDNF-GFRA1 (Jing et al, 1996; Treanor et al, 1996) , NTRN-GFRA2 (Baloh et al, 1997; Buj-Bello et al, 1997; Jing et al, 1996 Jing et al, , 1997 Klein et al, 1997; Sanicola et al, 1997; Suvanto et al, 1997; Treanor et al, 1996) , artemin-GFRA3 (Baloh et al, 1998) , and persephin-GFRA4 (Enokido et al, 1998; Masure et al, 2000) . The binding of GFL to its GFRA induces the formation of a complex between GFL-GFRA and RET, resulting in dimerization of RET and activation of the RET kinase domain. When this ligand receptor complex is formed between molecules on the same cell, it is termed cis signaling. However, GFRA1 can function in a non-cellautonomous manner by capturing and concentrating diffusible GDNF from the extracellular milieu and presenting bound GDNF to the surrounding RETexpressing cells in a trans manner (trans signaling). Recently, trans signaling between GDNF, GFRA1, and RET were demonstrated in rat gut (Worley et al, 2000) and in rat neuronal cell lines (Paratcha et al, 2001 ). In early embryonic rat gut (embryonic Day 13.5), the GFRA1 hybridization signal was observed in the gut mesenchyme and was not restricted to regions containing RET-immunopositive cells. In later develop-ment, GFRA1-positive signals are restricted to myenteric regions where RET immunopositive cells are colocalized. It was found that the soluble form of GFRA1 released from the cells of gut mesenchyme could potentiate the induction effect of GDNF on the proliferation and survival of neurones (Worley et al, 2000) . Alternatively, trans signaling that involves the interactions between GDNF-GFRA1 and RET on two different cells in intimate contact has been suggested in the adult rat central nervous system (Trupp et al, 1997; Yu et al, 1998) .
Mutation screening of GFRA genes in patients with Hirschsprung's disease (HSCR) failed to identify any mutation. This suggests that mutations of GFRA genes are not common etiologic events in HSCR (Angrist et al, 1998; Myers et al, 1999; Onochie et al, 2000; Vanhorne et al, 2001) . Critical roles of GFRAs in the development of the ENS were substantiated by gene targeting experiments in mice. Mice deficient for GFRA1 demonstrated lack of enteric neurones and kidney agenesis (Cacalano et al, 1998; Enomoto et al, 1998) . The defects of ENS and kidney in GFRA1-deficient mice are similar to those of both GDNF-and RET-deficient mice Pichel et al, 1996; Sanchez et al, 1996; Schuchardt et al, 1994) . This suggests stringent pairing between GDNF, GFRA1, and RET in ENS and kidney development. Ganglion cells were completely absent in the intestine distal to the stomach in mice that are deficient for GFRA1, GDNF, or RET. ENS defects were less severe in GFRA2-deficient mice, and only the parasympathetic cholinergic innervation in the small intestine was affected (Rossi et al, 1999) .
The relative importance of cis and trans GDNF signaling in human ENS development is not yet known. To examine the cis and trans GDNF signaling in human ENS development, it is crucial to determine the cellular distribution of GFRAs and RET in the ENS. Previous in situ hybridization experiments have shown colocalization of transcripts of GFRA1 and GFRA2 with RET in 25-week-old fetal and neonatal colon (Wartiovaara et al, 1998) . However, cellular distributions of GFRAs and RET mRNAs are not known. To understand the functions of cis and trans GDNF signaling mechanisms in human ENS development and associated neurocristopathies, we determined the specific cell lineages that normally express GFRAs but are affected in HSCR colons in the ENS of infants. The expression of GFRA1 in normal infants and normoganglionic colon of HSCR patients was shown to be restricted to RET-negative glial cells and RET-positive neurones of the ganglion plexuses. GFRAs expression was found to be markedly reduced in the aganglionic colon of some infants with HSCR. Abnormal interaction and signaling between glial cells and neurones may be involved in the pathogenesis of HSCR.
Results

Glial Cells and Neurones of Ganglion Plexuses Express GFRA1
The ganglion plexuses in gut are composed of two morphologically distinct cell types: glial cells and neurones. The nuclei of glial cells are smaller and slightly elongated, whereas the nuclei of neurones are bigger and round. Glial cells and the nerve fascicle within the myenteric and submucosal plexuses were stained positively with anti-S100 antibody (Fig. 1, A and C). Neurones were not stained with anti-S100 antibody but were immunoreactive for anti-RET antibody (Fig. 1, A and C, and data not shown). The distribution of GFRA1 transcript in colons of normal infants was determined by in situ hybridization. GFRA1 hybridization signals overlapped with both glial cells and neurones in myenteric and submucosal plexuses (Fig. 1, A to D) . Our immunohistochemical studies and in situ hybridization analysis on adjacent sections indicated that glial cells and neurones in the myenteric and submucosal plexuses express GFRA1. No hybridization signal of GFRA1 was found in the extrinsic nerves of the serosa (not shown). No specific In situ hybridization analysis of GFRA1 expression in normal infant colon. Adjacent sections were immunostained with anti-S100 antibody (A and C) or hybridized with GFRA1 riboprobe (B and D). Glial cells in the ganglion plexuses are smaller with elongated nuclei (black arrowheads) and were S100 immunopositive. Neuronal cells are bigger with round nuclei (white arrowheads) and were not immunostained with anti-S100 antibody. Transcripts of GFRA1 were localized to glial (black arrowheads) and neuronal cells (white arrowheads) of myenteric plexus (B) and submucosal plexus (D). Sense riboprobe of GFRA1 showed no specific hybridization (E). Photographs of the hybridized sections were taken under bright field illumination. Scale bars represent 10 m.
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hybridization signal was observed on sections when sense riboprobes were used in the in situ hybridization (Fig. 1E) .
To further examine the cellular distribution of the GFRA1 coreceptor in ganglion plexuses, we performed immunohistochemistry using antibodies against the glial cell marker S100, the neurone marker RET, and the GFRA1 coreceptor protein on colon sections of normal controls. Anti-S100 antibody positively stained the glial cells and nerve fascicles in the plexuses (Fig. 2, A and D) . Anti-RET antibody positively stained the neurones and nerve fascicles in the plexuses (Fig. 2, B and E) . Immunostaining of GFRA1 overlapped with S100 immunopositive glial cells and RET immunopositive neurones in the plexus. In addition, the nerve fascicles within the plexuses were also positively stained for GFRA1 (Fig. 2 , C and F). Our immunostaining result confirmed the in situ hybridization data and indicated that the GFRA1 coreceptor was present on both glial cells and neurones of the myenteric and submucosal plexuses.
Cellular Distribution of GFRAs in HSCR Colon
Semiquantitative RT-PCR analysis was performed to investigate the expression of GFRA1, GFRA2, and GFRA3 in various segments of the resected colon of infants with HSCR (Table 1) . Comparable levels of GFRA1, GFRA2, and GFRA3 were detected in the aganglionic, hypoganglionic, and normoganglionic colon in 10 infants with HSCR ( Fig. 3A and not shown). In the other three infants with HSCR, the levels of GFRA1, GFRA2, and GFRA3 were markedly lower in the aganglionic colon compared with the normoganglionic colon of the same patient (Fig. 3B) . Intensities of PCR bands were quantified, and the relative expression levels of GFRA1, GFRA2, and GFRA3 to ␤-actin were determined. Relative expressions of GFRA1, GFRA2, and GFRA3 were not significantly different between various segments of colons in 10 Immunolocalization of GFRA1 coreceptor protein to ganglion plexuses. Myenteric plexus (A to C) and submucosal plexus (D to F) were immunostained for S100 (A and D), RET (B and E), and GFRA1 (C and F). Glial cells (black arrowheads) were immunoreactive for S100 (A and D). Neurones (unfilled arrowheads) were immunoreactive for RET (B and E). Both neurones (unfilled arrowheads) and glial cells (filled arrowheads) were positively immunostained with anti-GFRA1 antibody (C and F). Scale bars represent 10 m. patients with HSCR (Table 2 ). Relative expressions of GFRA1, GFRA2, and GFRA3 were consistently lower in the aganglionic and hypoganglionic colon than the normoganglionic colon in three patients with HSCR. However, only the difference in relative expression of GFRA1 between aganglionic and normoganglionic colons reached statistical significance (p ϭ 0.04; Table  2 ). No amplified product was obtained in negative controls in which reverse transcriptase was omitted (not shown). This indicates that the amplicons observed in our samples were derived from RNA. Clinical features including gender, age, length of aganglionosis, mode of inheritance of the disease, and associated clinical complications were carefully analyzed and compared in the 13 patients with HSCR (Table 3) . We were unable to find an obvious association of the down-regulation of GFRAs expression with any distinguishable clinical features in the three patients who showed abnormal GFRAs expression. However, all the patients recruited in the present study suffer from sporadic short-segment disease, and the patient number was too few for a definite association analysis. Further study including a wider spectrum of patients with short-segment HSCR, long-segment HSCR, or familial HSCR is required to clarify the association of the down-regulation of GFRA expression with the variation in clinical features of HSCR disease.
To determine whether the expression of GFRA1 is down-regulated in the ganglion plexuses of aganglionic colon and whether GFRA1 was ectopically expressed in aganglionic colon, in situ hybridization was performed on the resected colons of the HSCR specimens that showed reduced GFRA1 expression by RT-PCR analysis. GFRA1 hybridization signal was readily detectable in the ganglion plexuses of the normoganglionic colon but was not detected in the aganglionic colon (Fig. 4 , A to D). In situ hybridization was also performed on the HSCR specimens that did not show reduced expression of GFRA1 gene by RT-PCR analysis. Transcripts of GFRA1 were detectable in the ganglion plexuses of normoganglionic colon and in aganglionic colon (Fig. 4 , E to H). No signal was found in the hypertrophied nerves in the aganglionic colon (Fig. 4, I to L).
It is known that hypertrophied nerves are present in the hypoganglionic colon. To ascertain that the specimen we analyzed was indeed aganglionic, immunohistochemical analysis was performed on adjacent sections of the specimens using antibodies specific for glial cells and neurones. In aganglionic colon, where no neurone was found in the ganglion plexus, the plexus remnants consisted of hypertrophied nerve trunks and glial cells. As shown in Figure 4 , the plexus remnant was positively stained for S100 but not for RET. Anti-S100 antibody stained the glial cells as well as the fiber-like structure in the plexus remnant. The glial cells and the fiber-like structure in the plexus remnant were also immunopositive for GFRA1. The immunostaining result indicated that the plexus remnants in the aganglionic colon were devoid of neurone and contained only glial cells that are immunopositive for GFRA1 and S100. This confirmed that the speci- Unpaired t test was performed to evaluate the significance of the difference of the relative expression levels of GFRA1, GFRA2, and GFRA3 in various segments of HD patients. The two-tailed p values of the comparison of the relative expression levels of GFRA1, GFRA2, and GFRA3 in the hypoganglionic segments with normoganglionic segments a or aganglionic segments with normoganglionic segments b of patients with HD are shown (p Ͻ 0.05 is considered to be significant).
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men we analyzed was obtained from aganglionic colon. Immunostaining for S100, RET, and GFRA1 was performed on colon biopsy specimens of all 10 patients with HSCR who did not show downregulation of GFRAs in the aganglionic colon. The plexus remnants in the aganglionic colon of these patients were immunopositive for S100 and GFRA1 but negative for RET (not shown).
Discussion
GFLs bind to GFRA and this GFL-GFRA complex then binds to RET, leading to the activation of the kinase activity of RET and trans-membrane GFL-mediated signal transduction. RET is only expressed by neurones, indicating that neurones are the target cell type of GFL in the ENS. Previous study has shown that transcripts of GFRA1 and GFRA2 were restricted to the myenteric and submucosal plexuses (Wartiovaara et al, 1998) . However, the cellular distribution of GFRAs has not been determined. We have determined the cellular distribution of GFRA1 in the colon of normal infants and those with HSCR. We found that both glial cells and neurones in the myenteric and submucosal plexuses of the colons of normal infants express GFRA1. The presence of GFRA1 coreceptors on glial cells, neurones, and nerve fascicles in the myenteric and submucosal plexuses was confirmed with immunohistochemistry using a specific antibody against GFRA1.
GDNF signaling via GFRAs and RET can be accomplished through both cis and trans manners (Paratcha et al, 2001; Worley et al, 2000) . In line with the trans GDNF signaling, we show that GFRA1 are present on both glial cells and neurones that are in close proximity to each other in ganglion plexuses. The trans GDNF-mediated response is weaker compared with the cell surface GFRA1 (Paratcha et al, 2001; Worley et al, 2000) . The maximum response was only seen when both the cell surface and released forms of GFRA1 were present simultaneously, suggesting that cis and trans GDNF signaling function synergistically. Functioning synergistically with the cis signaling, trans GFL signaling may modulate the trophic and survival functions of GFLs to neurones, which are essential for the maintenance of ENS in the developing and postnatal gut. Expression of GFRA1 in glial cells has also been shown in the anterior horn of the spinal cord, in addition to its expression in motor neurones (Mitsuma et al, 1999) . This suggests that trans GFL signaling is required in nervous systems other than ENS.
Two distinct patterns of expression of GFRAs were noted in the patients with HSCR in the present study. Expression of GFRA1, GFRA2, and GFRA3 was unaffected in aganglionic colon in 10 patients. The residual GFRA1 hybridization signals were restricted to the glial cells in the plexus remnants in the aganglionic colon. In aganglionic colon, the plexus remnants consisted of hypertrophic nerve trunks and glial cells. The hypertrophied nerve trunks consist of cholinergic nerve fibers that have been shown to be extrinsic parasympathetic nerve fibers of sacral origin (Kobayashi et al, 1994; Robertson et al, 1997; Tam and Boyd, 1990 ). Our result that shows that both the extrinsic parasympathetic nerves and the abnormal hypertrophied nerves are negative for GFRA1 is in line with the suggestion that hypertrophied nerve trunks are derived from the extrinsic parasympathetic nerve fibers. Therefore, it is likely that the GFRA1 and S100 immunoreactive glial cells in the plexus remnants in aganglionic colon are enteric glial cells. In the other three patients, weaker expression of GFRA1, GFRA2, and GFRA3 was detected in aganglionic colon. In situ hybridization analysis confirmed that GFRA1 expression was specifically down-regulated in the myenteric and submucosal plexuses in aganglionic colon in this group of patients.
The etiology of HSCR is complex and remains to be fully elucidated. In line with the complex nature of the etiology of HSCR, mutations of genes including RET, EDN3 and END3 receptor EDNRB, GDNF, NTRN account for the etiology of 30% to 50% of reported HSCR cases (Martucciello et al, 2000; Parisi and Kapur, 2000) . Screening of GFRA in patients with HSCR has failed to identify any mutation. This suggests that mutations of GFRA are not a common etiologic event in HSCR (Angrist et al, 1998; Myers et al, 1999; Onochie et al, 2000; Vanhorne et al, 2001 ). Germline mutations of GDNF are not sufficient to cause HSCR but might interact with other HSCR susceptibility loci including RET and modulate the disease phenotype. This implies that optimal GDNF signaling is crucial for the functioning of the ENS (Angrist et al, 1996; Salomon et al, 1996) . RET mutations reported by investigators, the most frequently mutated gene associated with HSCR, accounted for 50% and 15% to 20% of familial and sporadic cases of HSCR, respectively (Fewtrell et al, 1994; Goyal and Hirano, 1996; Lyonnet et al, 1993; Sancandi et al, 2000; Seri et al, 1997; Yin et al, 1994) further confirmed that signaling through RET is crucial for ENS development. The lack of association between GFRA mutations and HSCR may underline the functional redundancy and cross-talks between these GFRA coreceptors and GFLs. In line with this, promiscuity in the ligand specificities of GFRAs with GDNF-GFRA2, NRTN-GFRA1, and artemin-GFRA1 known to other alternative combinations have already been demonstrated (Airaksinen et al, 1999) .
To form the ENS, vagal and sacral neural crest cells migrate from the neural tube and colonize the developing gut in a rostral to caudal fashion (Gershon et al, 1993; Le Douarin and Teillet, 1973) . During migration, neural crest cells undergo cell division to produce sufficient numbers of glial and neurone precursor cells to form the ENS. The postmitotic neurones extend axons to form a network of intestinal neurones (Costa In situ hybridization and immunohistochemical analysis of HSCR colon. Distribution of GFRA1 transcripts in normoganglionic colon (A, B, E, and F) and in aganglionic colon (C, D, and G to L) was analyzed with in situ hybridization. In patient 8117, GFRA1 transcripts were localized in the ganglion plexus (black arrowhead) of normoganglionic colon (A and B) but not in the myenteric region (black arrowhead) of aganglionic colon (C and D). In patient 8444, GFRA1 transcripts were localized to the ganglion plexus (black arrowhead) of normoganglionic colon (E and F) and in the plexus remnants (black arrowhead) in the myenteric region of the aganglionic colon (G to L). The region marked with a square in I was magnified as shown in K and L. The hypertrophic nerve in the aganglionic colon was marked with ellipse (K and L). Photographs of the hybridized sections were taken under bright field illumination (A, C, E, G, I, K) or dark field illumination (B, D, F, H, J, L). Localization of GFRA1 transcripts in dark field photographs was indicated with white arrowhead (B, D, F, H, J, L) . Adjacent sections of the plexus remnant of aganglionic colon of patient 8444 were immunostained for S100 (M), RET (N), and GFRA1 (O). mu, mucosa; sm, submucosa; cm, circular muscle; lm, longitudinal muscle. Scale bars represent 50 m except in M, N, and O, where they represent 10 m.
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and Brookes, 1994; Sang et al, 1997) . The absence of glial cells and neurones in GDNF-, GFRA1-, or RETdeficient mice is probably a result of insufficient cell division and/or increased cell death of ENS precursors (Cacalano et al, 1998; Enomoto et al, 1998; Pichel et al, 1996; Sanchez et al, 1996; Schuchardt et al, 1994) . However, NTRN-and GFRA2-deficient mice develop specific defects on parasympathetic cholinergic neurones, which implies that NTRN signaling is the most important trophic factor for postmitotic neurones in developing ENS (Heuckeroth et al, 1999; Rossi et al, 1999) . Data from these gene targeting experiments indicated that the GFLsGFRAs-RET signaling modulates the trophic and survival functions of GFLs to neurone precursor cells and postmitotic neurones. Therefore, the expression of GFRAs on glial cells and neurones must be precisely regulated to achieve optimal GFL-mediated signaling. Optimal GFL-mediated signaling is crucial for the survival and maintenance of neurones, and the normal functioning of ENS (Angrist et al, 1996; Salomon et al, 1996) . Abnormal expression of GFRAs leads to suboptimal GFLs signaling in the ENS and may play a role in the etiology of HSCR. We provide the first evidence that abnormal expression of GFRAs may modulate disease phenotype in a subpopulation of patients with HSCR. HSCR is a polygenic disease caused by the additive subclinical effects of more than one gene. Our finding that abnormal expressions of GFRAs are detected only in a small subpopulation of patients with HSCR indeed complies with the complex polygenic nature of HSCR.
Materials and Methods
Tissue Preparation for RNA Extraction and Section
Resected colon specimens were collected from 13 patients with HSCR. Analysis of the rectal biopsy specimens of these patients revealed an absence of ganglion cells. Subsequent hematoxylin and eosin staining followed by acetylcholinesterase histochemical staining confirmed the diagnosis of short-segment aganglionosis in all 13 patients. Age-and sitematched specimens of the distal colon from non-HSCR patients (imperforated anus, n ϭ 5; rectal stricture, n ϭ 1) were included as controls. Control specimens were obtained from normal colon proximal to and well away from the diseased bowel; histologic analysis of control specimens confirmed no dysganglionosis. Full-thickness specimens from control colons as well as the aganglionic, hypoganglionic, and normoganglionic zones of HSCR bowel and control colons were used for RNA extraction using Trizol (Life Technologies, Rockville, Maryland). For tissue sections, the specimens were fixed in 4% paraformaldehyde/PBS (pH 7.2) and embedded in paraffin. Sections (6 m thickness) were prepared on microtome and mounted onto 3-aminopropyl-triethoxy-silanecoated slides (Sigma, St. Louis, Missouri), dried, and baked at 60°C for 1 hour.
RT-PCR
Total RNA (2 g) was used to synthesize the firststrand cDNA, using oligo dT and random hexamers (SuperScript Preamplification System; Life Technologies). Expression of GFRA1, GFRA2, GFRA3, and ␤-actin genes was analyzed using PCR. PCR was performed in 50 l of standard buffer containing primers (0.2 M each); 2 l of cDNA; 0.5 U of AmpliTaq DNA polymerase (Life Technologies), MgCl 2 (1.5 mM); and dNTP (0.2 mM). After the initial denaturation at 94°C for 3 minutes, PCR was performed for 25 cycles for ␤-actin, or 30 cycles for GFRA1, GFRA2, and GFRA3, as follows: 1 minute denaturation at 94°C; 1 minute at a primer specific annealing temperature; and 1 minute extension at 72°C for each cycle. A final extension for 10 minutes at 72°C was added. The number of PCR cycles was optimized for each primer set. Amplification was exponential up to 35 cycles for GFRA1, GFRA2, and GFRA3 primer sets. For ␤-actin, amplification was exponential up to 30 cycles. Amplifications were performed at 25-round cycles for ␤-actin, and 30-round cycles for GFRA1, GFRA2, and GFRA3. For control, PCRs were performed with the same set of RNAs but without the addition of reverse transcriptase to test for genomic contamination. Details of primers used for RT-PCR are shown in Table 1 . RT-PCR of each sample was performed in duplicate. One-fifth of the PCR products was analyzed by electrophoresis in a 1.8% agarose gel. Intensities of obtained PCR bands were determined using Scion Image software (Scion Corporation, Frederick, Maryland), and relative expression levels of GFRA1, GFRA2, and GFRA3 to ␤-actin, which were used as an external control, were determined. Means and SEM of the relative expression of GFRA1, GFRA2, and GFRA3 were determined for each group. Unpaired t test was performed to evaluate the significance of the differences between the relative expression levels of GFRA1, GFRA2, and GFRA3 in various segments of HSCR bowel. The two-tailed p values of the comparison between the relative expression levels of GFRA1, GFRA2, and GFRA3 in various segments were determined. The difference was considered to be significant if the p value was less than 0.05.
In Situ Hybridization
To prepare riboprobes for GFRA1, an RT-PCR fragment of GFRA1 gene was cloned into pGEM-T Easy Vector (Promega, Madison, Wisconsin). Synthesis of riboprobes, hybridization, autoradiography, and histologic staining were performed as described previously (Wilkinson and Nieto, 1993) . Slides were exposed in darkness at 4°C for 21 days. Photomicrographs were taken under dark field or bright field illumination using an Axioplan 2 microscope (Carl Zeiss, Oberkochen, Germany) fitted with a Sony digital camera.
Immunohistochemistry
Pretreatment of slides and antigen retrieval were performed as described previously (Lui et al, 2001 ). Sections were incubated with primary antibody (for S100: clone 4C4.9; NeoMarkers, Fremont, California; 1:100 dilution; for RET: anti-RET R5; Nagoya University, Nagoya, Japan; 1:100 dilution; for GFRA1, clone C-20; Dako, Carpinteria, California; 1:20 dilution) in PBS (pH 7.2) containing 0.1% Tween 20 and 10% horse serum at 4°C for 16 hours, followed by incubation with horseradish peroxidase-conjugated secondary antibody at 37°C for 1 hour. Immunoreactivity was visualized using a strepABComplex/HRP kit (Dako) and 3,3'-diaminobenzidine tetrahydrochloride (Sigma). Sections were counterstained with hematoxylin and then dehydrated, cleared in xylene, and mounted in DPX mountant (BDH, Poole, United Kingdom).
